Abstract To preserve consistency among developed emission scenarios, the scenarios used in climate modeling, and the climate scenarios available for impact research, the pattern scaling technique is useful technique. The basic assumption of pattern scaling is that the spatial response pattern per 1 K increase in the global mean surface air temperature (SAT) (scaling pattern) is the same among emission scenarios, but this assumption requires further validation. We therefore investigated the dependence of the scaling pattern of the annual mean SAT on GHGs emission scenarios of representative concentration pathways (RCP) and the causes of that dependence using the Model for Interdisciplinary research on Climate 5 developed by Japanese research community. In particular, we focused on the relationships of the dependency with effects of aerosols and Atlantic meridional overturning circulation. We found significant dependencies of the scaling pattern on emission scenarios at middle and high latitudes of the Northern Hemisphere, with differences of >15 % over parts of East Asia, North America, and Europe. Impact researchers should take into account those dependencies that seriously affect their research. The mid-latitude dependence is caused by differences in sulfate aerosol emissions per 1 K increase in the global mean SAT, and the high-latitude dependence is mainly caused by nonlinear responses of sea ice and ocean heat transport to global warming. Long-term trends in land-use and land-cover changes did not significantly affect the scaling pattern of annual mean SAT, but they might have an effect at different timescales.
Introduction
In impact research for the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, scenarios were developed and applied sequentially in a linear causal chain that extended from socioeconomic factors to impact assessments (Moss et al. 2010 ). However, this sequential approach is time consuming and leads to inconsistencies among developed emissions scenarios, the scenarios used in climate modeling, and the climate scenarios available for impact research.
A parallel approach is expected to overcome these inconsistencies. The parallel approach begins with the selection of representative concentration pathways (RCPs) from the many possible future scenarios, which are then used to provide inputs to climate models, such as greenhouse gas (GHG) concentrations, aerosol emissions, and land-use/land-cover changes. Then, climate scenarios based on the RCPs are developed in parallel with the development of new socio-economic scenarios. The new climate scenarios will be integrated with the new socio-economic scenarios by using pattern scaling, which is a relatively simple approximation method (Mitchell et al. 1999; Schlesinger et al. 2000; Mitchell 2003; Harris et al. 2006; Hingray et al. 2007; Ruosteenoja et al. 2007 ). Thus, the pattern scaling has a vital role in parallel approach.
In pattern scaling, the "scaling pattern" of a climate variable is first estimated by linear regression of future changes in the geographical distribution of a climate variable against changes in the global mean surface air temperature (SAT) using simulations performed by a general circulation model (GCM) under a certain emission scenario. Then, the spatial pattern of changes of a certain climate variable per 1 K increase in the global mean SAT is scaled by using simple climate models, such as energy balance models, and a very wide range of emission scenarios. Finally, regional climatic changes under a wide range of emission scenarios are estimated by multiplying the global mean SAT changes by the scaling pattern.
To date, however, only a few studies have been conducted to validate this method (Mitchell et al. 1999; Schlesinger et al. 2000; Mitchell 2003; Shiogama et al. 2010) , although pattern scaling has a key role in impact research for AR5. The applicability of pattern scaling requires further investigation by the climate modeling community, and the findings of this research should be communicated rapidly to researchers conducting integrated assessment modeling and those studying impacts, adaptation, and vulnerability (Moss et al. 2007) .
A basic assumption of pattern scaling is that the scaling pattern is the same for different emission scenarios (Shiogama et al. 2010) . However, if emissions of aerosols, for example, differ among emission scenarios, then the consequent differences in radiative forcing would result in different spatial patterns of SAT and precipitation. In fact, previous research has shown that the scaling pattern for both SAT and precipitation is dependent on differences in sulfate aerosol concentrations among emission scenarios (Mitchell et al. 1999; Schlesinger et al. 2000; Mitchell 2003; Shiogama et al. 2010 ). This dependence on emission scenarios can lead to notable differences in impact research (Shiogama et al. 2010) .
In general, changes in climate states are caused by changes in radiative forcing, as well as by climate feedback and ocean heat transport processes. The dependence of the scaling pattern on emission scenarios are expected to be strongly related to these climate system mechanisms, but the relationships between these mechanisms and scaling pattern dependencies have not yet been investigated in detail. In particular, the dependencies of the scaling pattern on the RCP scenarios being used for AR5 still need to be examined.
We therefore investigated the dependencies of the SAT scaling pattern on GHGs emission scenarios of RCPs as well as the causes of those dependencies using an atmosphere-ocean GCM developed by the Japanese research community called the Model for Interdisciplinary Research on Climate version 5 (MIROC5; Watanabe et al. 2010 ). Mainly we focused on the relationships of the dependencies with the changes in radiation induced by aerosols and ocean heat transport processes. In this paper, we investigated the dependencies and the causes between RCP8.5 and RCP2.6 because the emission scenario dependencies are most significant. Then, we confirmed that the findings are consistent between RCP8.5 and the other scenarios of RCPs.
Model description
We used MIROC5 atmosphere-ocean GCM. The horizontal resolutions of the atmospheric and ocean models are T85 and approximately 1°, with 40 and 49 vertical layers, respectively. The aerosol transport-radiation model, called SPRINTARS (Takemura et al. 2000 (Takemura et al. , 2002 (Takemura et al. , 2005 , incorporated into MIROC5 can treat both direct and indirect effects of the anthropogenic aerosols, carbonaceous matter (black carbon and organic matter), and sulfate. Changes in aerosol emissions are given by the scenarios.
Sulfate and organic carbon aerosol particles scatter solar radiation, reducing the downward shortwave flux at the surface (Ramanathan et al. 2001; Ramanathan and Carmichael 2008) . In addition to this so-called direct effect, these aerosols also influence the microphysical properties of clouds by acting as cloud condensation nuclei. The modifications to the microphysical properties enhance the albedo and lifetime of clouds (first and second indirect effects, respectively) and, hence, lead to dimming at the ground surface (Lohmann and Feichter 2005) . We calculated the scaling patterns using four emission scenarios and two simulations: RCP2.6 (van Vuuren et al. 2007 ), RCP4.5 (Wise et al. 2009 ), RCP6.0 (Hijioka et al. 2008 ), RCP8.5 ), 20th century simulations, and a preindustrial control run. The preindustrial control run was used to remove the influence of model drift. In RCP8.5, RCP6.0 and RCP4.5, the radiative forcing pathway leads to radiative forcing of 8.5 W/m 2 , 6.0 W/m 2 and 4.5 W/m 2 in 2100 respectively, whereas in RCP2.6, the peak radiative forcing of 3 W/m 2 is reached before 2100 and then radiative forcing declines. The equivalent CO2 concentrations corresponding to 2.6 W/m 2 , 4.5 W/m 2 , 6.0 W/m 2 and 8.5 W/m 2 are approximately 475, 630, 800 and 1310 ppm, respectively (van Vuuren et al. 2007; Wise et al. 2009; Hijioka et al. 2008; Riahi et al. 2007 ). We analyzed the ensemble mean of three ensemble members for each scenario.
Estimation of the scaling pattern
We used the method proposed by Mitchell et al. (1999) to estimate the scaling pattern. In this method, the pattern of change for a climate variable V(x,i) simulated by a GCM at position x and time i are approximated by
where V Ã x; i ð Þ is the approximated pattern obtained by pattern scaling, V ðiÞ is the scaling factor, and p(x) is the scaling pattern. In this study, V ðiÞ is the global mean SAT change from the first to the ninth decade in the 21st century (2010s to 2090s), taking the average of the period from 1981 to 2000 in the 20th century simulations as the baseline. p(x) describes how a climate variable V(x,i) changes in position x when global mean SAT rises by 1 K, and it is obtained as a regression coefficient such that the root mean square differences between the simulated pattern V(x,i) and the approximated pattern V*(x, i) are minimized, as follows:
4 Analysis of change in energy budget at the top of atmosphere
Because changes in energy budget at the top of atmosphere (TOA) can cause the difference in scaling pattern among emission scenarios, we investigated the changes in the shortwave (SW) and long wave (LW) radiation at the TOA. As for the changes in SW radiation at the TOA, we used the approximate partial radiative perturbation (APRP) method (Taylor et al. 2007; Yokohata et al. 2008) . In this method, the changes of SW radiation at the TOA are decomposed into the contributions from clear-sky atmosphere (SW CLR ), cloud (SW CLD ), and surface (SW SFC ) by a simplified TOA model, respectively. The SW CLR contribution to the changes in the shortwave radiation at the TOA mainly reflects changes in the direct effects of aerosols and water vapor, and is divided into reflectivity and absorption terms. The SW CLD contribution reflects changes in clouds, including the indirect effect of aerosols, and the SW SFC contribution reflects changes in sea ice and snow (ice-albedo feedback) and land use. As for the changes in LW radiation at the TOA, we described them in supplementary text S1.
Results and discussion
The general features of the annual mean SAT scaling pattern are roughly similar between RCP2.6 and RCP8.5 (Fig. 1a, b) . Overall, the values over land are higher than those over the ocean. In addition, maximum values are observed over the Arctic and minimum values over the ocean areas around the Antarctic. These general features are consistent with previous findings (Mitchell et al. 1999) . However, the scaling pattern is significantly dependent on the emission scenario (Fig. S1 ), in particular over middle and high latitudes in the Northern Hemisphere, with differences of more than 15 % over some regions of Europe, East Asia, and North America (Fig. 1c) . Whether these differences are serious depends on the impact research objectives. As changes of SAT are related to the changes in energy budget in general, we investigated the differences of SW (Fig. 2a) and of LW (Fig. S2a) radiation scaling pattern at the TOA between RCP8.5 and RCP2.6. In these figures, positive values indicate that the changes of SW and LW radiation normalized by the global mean SAT change are larger, and negative values indicate that they are smaller for RCP8.5 than for RCP2.6. Overall, the differences of SW radiation scaling pattern are dominant compared to those of LW radiation. The differences of LW CLR and LW CLD scaling pattern between the two RCPs are small in general, and especially small over most parts of the middle and high latitudes of the Northern Hemisphere (Fig. S2b,c) . The differences of LW SFC (Fig. S2d) scaling pattern are not so small over Europe, east parts of North America and East Asia. However, since the changes of LW SFC reflect the changes of SAT (text S1), those are not the cause but the result of the changes of SAT.
The magnitudes in the contributions from SW CLR and SW CLD (Fig. 2b, c) are larger in RCP8.5 than in RCP2.6 over most of the Northern Hemisphere mid-latitude region.
Spatially, these contributions correspond relatively well to the differences in the scaling pattern of sulfate aerosol between the scenarios (Fig. 3a) over Europe, East Asia, and North America, but not as well to the differences in the scaling pattern of the other aerosols (Fig. 3b, c) . However, the scaling pattern values of sulfate aerosol over these regions are smaller in RCP8.5 than in RCP2.6. The difference of global mean of the column loading of sulfate aerosol per 1 K increase in the global mean SAT is large (Fig. S3a) . The difference is caused by not only the difference of global mean sulfate aerosol but also that of global mean 1 Scaling patterns (K, per 1 K global mean warming) of annual mean surface air temperature in (a) RCP2.6 and (b) RCP8.5 and (c) its ratios of the differences of scaling patterns of surface air temperature between RCP8.5 and RCP2.6 to that in RCP2.6 (%). Colored regions are statistically significant at the α00.05 level (F test) SAT change between the two emission scenarios (Fig. S3b,c) . The reflectivity term of the SW CLR contribution is dominant over the absorption term (Fig. S4) , indicating that the SW CLR contribution to the differences between the scenarios is due mainly to the direct effects of sulfate aerosol. The SW CLD contribution also corresponded well to the scaling pattern of sulfate aerosol, reflecting the indirect effect of sulfate aerosol. Therefore, the differences in the sulfate aerosol scaling pattern predominantly determine the scenario dependencies of the SAT scaling pattern over Europe, East Asia, and North America through direct and indirect aerosol effects. Although Mitchell et al. (1999) previously reported that direct effects of sulfate aerosol cause dependencies in the SAT scaling pattern, our results show that not only direct effects but also indirect effects are responsible for the dependencies.
Over the Arctic, the scenario dependence of the SAT scaling pattern (Fig. 1 ) corresponds well to the differences between scenarios in the scaling pattern of the SW SFC contribution at the TOA (Fig. 2d) , which corresponds to ice-albedo feedback. The rate of decrease in the sea ice area over the Arctic per 1 K of global warming is increasing as global warming progresses (Fig. 4a) , probably because the sea ice is getting thinner under global warming, the ratio of decrease in the sea ice area is smaller in RCP2.6. Thus, the SW SFC contribution over the Arctic at the TOA is increasing nonlinearly as well (Fig. S5) . These nonlinear relationships result in different SAT scaling patterns between the scenarios over the Arctic (Fig. 1c) .
In addition to the nonlinear decrease in sea ice, other factors, such as the temperature lapse-rate feedback, can induce polar amplification (Boe et al. 2009; Yoshimori et al. 2009 ). In fact, the change in the temperature lapse rate over the Arctic under 1 K of global warming in RCP 8.5 is larger than that in RCP2.6 (data not shown). Thus, the differences in the temperature lapse rate between the two emission scenarios might explain some of the scenario dependence of the SAT scaling pattern over the Arctic.
On the other hand, the SW SFC contribution is not significant over most land areas, even though emission scenarios in the RCP consider long-term trends in land-use patterns (Moss et al. 2010 ). Thus, long-term trends in land-use patterns are not related to the emission scenario dependence of the annual mean SAT scaling pattern. However, it is possible that at different timescales changes in land-use patterns might influence that dependence.
To the south and east Greenland, SAT is significantly dependent on the emission scenario (Fig. 1c) , although no differences in the scaling patterns of SW CLR , SW-CLD , or SW SFC (Fig. 2b-d) are evident there between the two emission scenarios. In general, the projected reduction in the Atlantic meridional overturning circulation (AMOC) as a result of increasing GHG concentrations is expected to suppress warming in the North Atlantic region by reducing poleward heat transport ). In MIROC5, the AMOC response to the global mean SAT change is nonlinear (Fig. 4b) and the decreasing ratio of AMOC strength per 1 K increase in the global mean SAT under global warming in RCP8.5 is smaller than that in RCP2.6. Therefore, differences in heat transport from low to high latitudes per 1 K change in global mean SAT causes the scenario dependence of the SAT scaling pattern to the south and east Greenland. Moreover, the differences in heat transport from low to high latitudes might also influence the scenario dependence of the SAT scaling pattern over the Arctic. The cause of the nonlinear response of the AMOC to increasing GHG concentrations requires further investigation.
The characteristics of CO 2 emissions in RCP2.6 are very different from those of the emission scenarios in the other RCPs, because RCP2.6 aims to limit the increase of global mean temperature to 2°C (van Vuuren et al. 2007 ). Actually, it achieves an almost equilibrium (Fig. S2S2b) . The difference in the CO 2 emission in RCP2.6 may cause a different scenario dependency of SAT scaling pattern. However, the differences of SAT scaling pattern over parts of East Asia, North America, and Europe can be explained by the differences of sulfate aerosol scaling pattern between RCP8.5 and the emission scenarios in the other RCPs (Fig. S6S6a-d) . The importance of nonlinear responses of sea ice melting and the decreasing ratio of AMOC to global warming are consistent between them (figure not shown). 
Summary
Pattern scaling is useful method to provide climate scenarios for a wide range of emission scenarios that preserve consistency among developed emission scenarios, scenarios used in climate modeling, and climate scenarios available for impact research. The basic assumption of pattern scaling is that the scaling pattern is the same among emission scenarios. In this study, we evaluated this basic assumption of pattern scaling and investigated causes of scaling pattern dependence on emission scenarios.
Such dependence is particularly significant over middle and high latitudes of the Northern Hemisphere between RCP8.5 and RCP2.6, with differences of more than 15 % over parts of East Asia, North America and Europe. A similar dependence over the region is shown between RCP8.5 and the other RCP scenarios. Impact researchers need to consider whether this dependence seriously influences their results. The dependencies between RCP8.5 and RCP2.6 are induced by both direct and indirect effects of aerosols, caused by differences in sulfate aerosol emissions per 1 K increase in the global mean SAT over mid-latitudes and the nonlinear response of sea ice and ocean heat transport associated with the AMOC over high latitudes although some of the dependencies are caused by the influences of interannual variability. The dependencies over these regions between RCP8.5 and emission scenarios in the other RCPs can be explained by these factors as well. The importance of nonlinear responses of climate feedback and ocean heat transport to global warming for scaling pattern dependency on emission scenarios is a new finding of our study, although Mitchell et al. (1999) previously reported the importance of direct effects of sulfate aerosols.
Over regions where the dependencies on emission scenarios can be explained by analysis of the shortwave radiation budget, it might be possible to develop a method to reduce these differences based on the climate feedback analysis presented in this study. However, there are still several unsolved issues which need further analysis. Although long-term trends in land-use patterns are not associated with the annual mean SAT dependence on emission scenarios, this does not exclude the possibility that dependencies of extreme events (e.g., daily maximum or minimum SAT) is related to land use. Moreover, the scaling pattern is likely to depend not only on the emission scenario but also on the specific GCM used, because there is still large uncertainty in the responses of aerosols, ocean heat transport and other factors to GHG increases among GCMs. Accordingly, the findings in this study may be model dependent. In addition, the dependencies of other important climate variables such as precipitation or extreme events also have important implications for impact research and thus need to be investigated in future studies.
